Abstract The prediction of the spatial and temporal flow regime is important for the efficient design and operation of the settling tank. The impact of the gravity current has been investigated by the temperature difference or artificial glass particles. This experimental study is designed to obtain the steady state of stratified flow with the consideration of the heavy density flow. Two different approaches were performed at lab scale considering the hydraulic similarity. One is the investigation of a heavy density current of saline water intrusion. The characteristics of the internal hydraulics are monitored using Particle Image Velocimetry (PIV). As a result of the saline intrusion, the internal flow established a continual density stratification of 3-layers in steady state. The other is the movement of activated sludge from a sewage treatment plant. The video image is captured to analyze the behavior of activated sludge in the settling tank. The experiments with various inlet baffle conditions suggest that the hydraulic characteristics of the two experiments are significantly different. As the distance between the baffle and inlet point was decreased, significant strength of saline density currents in the bottom layer was observed. However, the strength of the velocity in the bottom density currents appeared to be the opposite in the case of the activated sludge. The reason for the slower density current in the bottom layer is associated with the compressibility of activated sludge characteristics.
Introduction
Heavy-density currents occur when inflow is denser than the ambient fluids in a basin. These currents exist in most secondary settling tanks and have been simulated by the modified κ -ε turbulence model (Da Stamou and Rodi, 1992; McCorquodale and Zhou, 1993; Krebs et al., 1996; Lakehal et al., 1999) . The verification of the hydrodynamic models for the secondary clarifier can be performed experimentally. Moursi et al. (1995) investigated the impact of temperature difference to generate a gravity current, and Krebs et al. (1996) used artificial glass particles in the density flow experiments. The thermal density flow and concentration density flow have a similar structure in the initial unsteady state, while the thermal density flow will be changed to a non-stratified neutral condition in a steady state. There is an impact of the density stratified flow on the hydraulic efficiency of the secondary clarifier but the removal efficiency of the suspended solids is hard to configure (McCorquodale, 1987; Amir and Schroeder, 2000) . Therefore, this study was conducted to evaluate the density current effects in a lab scale secondary clarifier. In order to allow for better understanding of clarification efficiency, the inlet baffle condition was varied in the density current experiment using the saline water and the activated sludge.
Material and method

Experimental system
The sewage wastewater treatment plant in Yangsan city of Kyoungnam province was selected as the design condition for experimental study. A branch of the treatment plant is 28 m long, 9 m wide and 3.5 m deep. This study was conducted using a 1:20 scale model of Figure 1 . Because the flow in clarifiers is gravitational, the lab scale model is governed by Froude's law. The model clarifier for the test was fabricated of transparent acryl. A camcorder and PIV(Particle Image Velocimetry) were used to visualize the internal density current.
Hydraulic similarity
The densimetric Froud's number is defined as (1) where, µ m is the inlet velocity, g′(g∆ρ/ρ r ) is the effective gravity, ρ r is the fluid density in the tank, ∆ r is the absolute difference between ρ in and ρ r , ρ in is the inflow fluid density, and h is the depth of the baffle. The concentration of saline water is determined to match the densimetric Froude's number between the model and the prototype. The model requires a higher velocity to produce similar turbulence so the density difference needs to be increased between inertia and gravity force (Amal, 1995) . The MLSS (Mixed Liquor Suspended Solids) is converted to density by Eq. (2) (2) where C is the inflow concentration (mg/l), ρ w is the density of fresh water (g/ml), ρ is the density of MLSS (g/ml), ρ p is the dry density of suspended solids. Table 1 shows the hydraulic similarity of the experiment with saline water and activated sludge.
Experimental program
The experimental program was divided into 2 phases: (1) the saline water intrusion and (2) density flow using the activated sludge. Each phase consisted of three inlet baffle conditions; condition 1 is the perforated baffle without wall baffle, conditions 2 and 3 are perforated baffle with wall baffle at 10 cm and 5 cm distance from the perforated baffle respectively as shown in Figure 2 . The experimental study of phase I was conducted by using saline water which is adjusted to Froude's law by a hydrometer and mixed with Rhodamine-B as dye tracer and PVC powder as prevention of diffusion due to low velocity in the tank. In order to establish a continuous stratified density flow, a third inflow was removed by a withdrawal hopper and the fresh water flowed into the pipe slowly so as not to disturb the internal flow at the upper back (Figure 1 ). PIV used for flow visualization is a new technology of hydrodynamics in which visualization and digital image processing are connected to measure flow velocity as shown in Figure 3 . The principle of PIV as presented in Figure 4 measures flow velocity indirectly through analyzing the movement of particles in the flow field. First, an appropriate particle for the newtonian fluid should be selected through preliminary experiments. Instead of the PVC, the pine flower powder was selected due to its reliability and tractability (Ni et al., 1995) . The experiment of phase 2 was conducted using the activated sludge from the sewage treatment plant. The MLSS was 3,000 mg/l and the SVI was approximately 100. The initial bottom density flow was observed by camcorder and was compared with the saline density flow. The flow regime could not be measured by PIV because the laser transparency was significantly diminished in the high turbidity like the activated sludge. Table 2 provides the velocities of density flow for the saline water and the activated sludge at different baffle conditions. Depending upon the baffle conditions, the resulting flow velocities of the bottom layer were varied. As the distance from the inlet point to the baffle is decreased, the velocity of the bottom layer currents is increased in the saline water test, but vice versa in the activated sludge test. Figure 5 shows the bottom density flow according to inlet baffle conditions captured by camcorder. A relatively less severe density current can be observed in the condition of perforated baffle (Figure 5a ). As the distance of the inlet baffle is decreased, the impact of the gravity current is increased (Figure 5b,c) . The experimental study of the saline water suggests that as the distance of the inlet baffle is decreased, the clarification efficiency of the settling tank is decreased due to a strong density current. Figure 6 shows the internal hydraulic characteristics by the PIV analysis. The velocity vectors and horizontal velocity profiles of the perforated baffle condition show that the weak density current is developed around the inlet portion (Figure 6a, b) . The baffle condition 2 provides the vertical components of velocity vectors around the inlet position (Figure 6c) . The horizontal velocity profiles of the baffle condition 2 (Figure 6d) show the appearance of the density stratified flow, and even stronger flow in the baffle condition 3 (Figure 6e , f). More than two layers of stratified flow can be readily observed in the baffle condition 3 with relatively high speed of bottom density currents ( Table 2) . The horizontal velocity profile of the entire section can be expressed by the synthetic diagram of PIV results (Figure 7 ). The internal density stratified flow with three layers can be observed due to the inlet baffle condition and the outlet weir condition. Figure 8 shows the transport and settling of the activated sludge flux in the settling tank. In the condition of perforated baffle, the inflow suspended solids are easily mixed with the ambient flow and the density current of the bottom layer is hardly formed (Figure 8a, b) . However, the convection and diffusion characteristics of suspended solids appear to be different to the density derived currents. As the distance of the baffle becomes longer, the movement of the activated sludge becomes faster and wider (Figure 6c-f) . The density flow of activated sludge shows a different pattern from that of saline water because the semi-closed area of the inlet baffle promotes flocculation and compression. 
Results and discussion
